The metabolic syndrome and type 2 diabetes are occurring at alarming rates in children. Obesity plays an important role in the increased prevalence of its comorbid conditions including dyslipidemia, hypertension, and type 2 diabetes. Lifestyle modification is the mainstay of prevention and treatment for metabolic syndrome and type 2 diabetes; however, it can be costly and laborintensive. Pharmacotherapy is considered a second line of therapy in adults, but its use in children is controversial. This article reviews current and potential future drugs for the treatment of obesity, dyslipidemia, hypertension, and type 2 diabetes in children. Surgical procedures for treating severely obese adolescents are also discussed.
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Treatment of Obesity
Metabolic syndrome includes a cluster of risk factors for atherosclerotic cardiovascular disease (CVD) and type 2 diabetes, including insulin resistance, obesity, hypertension, and dyslipidemia. 1 Obesity in children and adolescents has reached epidemic proportions, with the prevalence tripling in the past 3 decades. Metabolic syndrome and type 2 diabetes have paralleled this obesity epidemic in children. 2 Cook et al. 3 estimated the prevalence of metabolic syndrome among adolescents to be 4% overall, but 30-50% in overweight children. This extrapolates to ~ 1 million adolescents having metabolic syndrome. 3 Because obesity plays a central role in metabolic syndrome, and the probability of childhood obesity persisting into adulthood is estimated to increase from ~ 20% at age 4 years to 80% by adolescence, the epidemic of pediatric obesity can translate into increased prevalence of hypertension, type 2 diabetes, and CVD in adulthood. 1 Childhood obesity is defined using age-and sex-specific nomograms for BMI. BMI between the 85th and 95th percentiles is defined as at risk for overweight, and BMI ≥ the 95th percentile is defined as overweight. 4 However, the terms overweight and obese are often used interchangeably in the pediatric population. 2 In children, the ideal goal is to prevent children with a normal BMI (< the 85th percentile) from becoming overweight. 2 Treatment of obesity should rarely be instituted in children < 2 years of age because this is a period of rapid growth and development, and there is little correlation with obesity in adulthood. 2 Weight control for all overweight children > 2 years of age is actually weight maintenance through modest changes in diet and physical activity. 5 For overweight children < 7 years of age and without comorbid conditions, prolonged weight maintenance will result to a gradual decrease in BMI as height increases. If comorbid conditions are present and a child's BMI is > the 95th percentile, gradual weight loss is recommended. For children > 7 years of age whose BMI is between the 85th and 95th percentile with no comorbidities, prolonged weight maintenance is recommended. However, if comorbidities are present and the BMI is between the 85th and 95th percentile, or if BMI is > 95%, gradual weight loss is recommended. 5 Treatment of obesity includes two major approaches: lifestyle-based intervention (diet, exercise, and behavior therapy) and medical/surgical intervention (pharmacotherapy or bariatric surgery). Dietary modification should be age-specific, providing appropriate optimum nutrient intake for the maintenance of normal growth and development. It should also help the child sustain healthy eating habits.
2 Regular physical activity is important for the prevention of excessive weight gain or to maintain weight. The current recommendation is for 30-60 minutes of regular physical activity daily. Restricting sedentary activities to < 2 hours/day is also recommended. 2 Behavior modification programs have been shown to have both short-and long-term beneficial effects on BMI in some patients, but they are usually labor-intensive, are not easily applied in the primary care setting, and involve intensive parental involvement. 6 In children, most interventions for obesity have focused on behavioral approaches; the use of pharmacological therapy remains controversial. 2 Weight-loss medications can have significant adverse effects, and only a few of these drugs are approved for use in children. However, it may be useful to consider medications found to be safe and effective for adults as treatments that may be on the horizon for pediatric patients. 7 Pharmacotherapy, if utilized, should always be an adjunct to continued lifestyle changes.
There are several mechanisms by which drugs may be amenable to the treatment of obesity. These include limiting the absorption of food, suppressing appetite and reducing food intake, and altering metabolism or increasing energy expenditure. 
Pharmacological therapy
Orlistat is a gastric and pancreatic lipase inhibitor that decreases free fatty acid and cholesterol absorption and is approved by the Food and Drug Administration for the treatment of obesity in adolescents >12 years of age. Orlistat, 120 mg three times daily with meals, in combination with diet, exercise, and behavior modification significantly improved weight management in adolescents compared to placebo. 8 It can reduce fat absorption by ~ 30% in individuals eating a 30% fat diet. Orlistat is associated with gastrointestinal side effects, such as steatorrhea, increased defecation, abdominal pain, and fecal urgency, and requires fat-soluble vitamin supplementation. 7 Sibutramine is a serotonin and adrenaline reuptake inhibitor that decreases appetite and reduces food intake and is approved for use in adolescents > 16 years of age. Sibutramine's safety and efficacy was assessed in a study of obese 12-to 16-year-old adolescents (BMI 36 kg/m 2 ).
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Subjects were randomized to sibutramine, 10 mg, or placebo with behavior therapy. The dose of sibutramine was increased to 15 mg if weight loss was inadequate after 6 months. The change in BMI at 12 months with sibutramine was significantly greater than with placebo. A decrease in initial BMI by 10% was found in 40% of adolescents treated with sibutramine, compared to 15% of adolescents treated with placebo. However, the weight loss response tended to plateau after 6 months of therapy. Side effects included increases in heart rate and blood pressure resulting in the dose being reduced or discontinued in 44% of the adolescents during the first 6 months. Additionally, there was no improvement in the comorbid conditions associated with obesity, such as insulin resistance and dyslipidemia. 9 Metformin is a biguanide frequently used to treat type 2 diabetes in adolescents. The mechanism of action of metformin on body weight is unclear. Metformin is likely to prevent weight gain primarily through a direct anorectic effect or possibly indirectly by stimulating glucagon-like peptide 1 (GLP-1) secretion. 10 There is limited well-controlled research information about the use of metformin to promote weight loss in adolescents. Freemark and Bursey 11 randomized 29 obese adolescents with hyperinsulinemia to metformin, 500 mg twice a day, or placebo without any dietary therapy and found a 1.3% decrease in BMI after 6 months of metformin use compared to a 2.3% increase in BMI for those taking placebo. Kay et al. 12 randomly assigned 24 hyperinsulinemic, normoglycemic adolescents to metformin, 850 mg twice daily, or placebo. The metformin group had greater weight loss and improved insulin sensitivity compared to the placebo group.
The most common side effects of metformin include nausea, flatulence, bloating, and diarrhea at initiation of therapy. Vitamin B 12 deficiency also has been seen. The most serious complication of metformin is lactic acidosis, which occurs primarily in patients with renal insufficiency (serum creatinine ≥ 1.4 mg/dl in women or ≥ 1.5 mg/dl in men, congestive heart failure requiring medication, cardiac or pulmonary insufficiency with severe hypoxia and reduced peripheral perfusion, and liver disease, including alcohol-induced acute hepatic toxicity).
Noradrenergic drugs, such as phentermine, chlorphentermine, phenylpropanolamine, and amphepramone (diethylpropion), decrease appetite and food intake without specific effects on macronutrient selection. In a 12-week trial, Rauh and Lipp 13 compared weight change in 28 adolescent girls randomized to chlorphentermine, 65 mg per day, or placebo with diet and exercise. Subjects receiving chlorphentermine lost significantly more weight (Ϫ6.7 kg) than did those taking placebo (ϩ0.55 kg).
No study has provided evidence of the long-term safety of noradrenergic drugs in children. The most common side effects of phentermine and diethylpropion include insomnia, restlessness, dry mouth, asthenia, eupho-ria, palpitations, hypertension, cardiac arrhythmias, dizziness, blurred vision, and ocular irritation. 14 
Promising new drugs
Octreotide suppresses pancreatic insulin secretion. The rationale for the use of octreotide in the treatment of obesity is to decrease insulinemia and insulin hypersecretion. 15 Octreotide treatment caused weight loss, reduced insulin resistance, and reduced acanthosis nigricans. 15 In a more recent study of obese adults, monthly injection of long-acting-release octreotide promoted significant body weight and fat mass loss in 43% of subjects with concomitant modulation of caloric intake and macronutrient preference. 16 The side effects include pain at injection sites, gallstones, diarrhea, abdominal pain, nausea, vitamin B 12 deficiency hypothyroidism, suppression of growth hormone secretion, diabetes, and abnormalities in cardiac function.
Topiramate is a novel broad-spectrum anticonvulsant drug used in children and adults. 17 Topiramate causes weight loss in normal-weight and obese patients. 17 The weight loss has been associated with decreased food intake, but the precise mechanism of action is unknown. There are only limited data on the use of topiramate specifically for weight loss. Retrospective and prospective studies in children and adults suggest that topiramate in doses of 0.5-22 mg • kg Ϫ1 • day Ϫ1 are associated with dose-dependent weight loss. 18, 19 In children receiving topiramate as adjunctive therapy for seizure disorders, weight loss in a range of 10-40% has been observed. 18 In children, topiramate is well tolerated. Side effects may include somnolence, anorexia, fatigue, weight loss, nervousness, decreased concentration, difficulty with memory, and aggression. Despite the extensive worldwide use of topiramate in children, no effect on linear growth, hepatotoxicity, or hematologic, cutaneous, or idiosyncratic reactions have been reported.
Rimonabant is the first in the class of selective endocannabinoid type 1 receptor blockers. Blocking these receptors is thought to decrease feeding behavior. Overweight or obese adult patients with dyslipidemia were randomized to rimonabant, 5 mg/day or 20 mg/day, or placebo. 20 After 52 weeks of treatment, the higher-dose rimonabant group lost significantly more weight than the placebo group (Ϫ8.6 and Ϫ2.3 kg, respectively). 20 The most common side effects with rimonabant were nausea, dizziness, arthralgia, and diarrhea.
Bariatric surgery
Studies utilizing bariatric surgery as a treatment option for severely obese adolescents who failed to lose weight on diet and behavior modification programs have been undertaken by several centers. 2 Among the indications used are a BMI ≥ 40 kg/m 2 with severe comorbidities, such as obstructive sleep apnea, type 2 diabetes, or pseudotumor cerebri. BMI ≥ 50 kg/m 2 may be an indication for surgery if associated with less severe comorbidities, such as hypertension and dyslipidemia. 2 Bariatric procedures for weight loss can be divided into malabsorptive and restrictive procedures. Malabsorptive procedures include jejunoilial bypass, biliopancreatic diversion, and duodenal switch. 21 Surgeons are reluctant to perform these procedures, although they are effective in inducing weight loss, because of the increased risk of metabolic complications, including protein malnutrition, metabolic bone disease, and deficiency of iron, calcium, and vitamins A, B 12 , D, E, and K. 22 Restrictive procedures include water-filled balloons, gastroplasty, gastric banding, and gastric bypass. Water-filled balloons have not been shown to decrease BMI in morbidly obese children. 23 Gastroplasty is a procedure that decreases the storage capacity of the stomach and consumption of solid food. The high incidence of stomach stenosis or staple line dehiscence and disappointing longterm weight maintenance have led surgeons to abandon gastroplasty as a primary antiobesity procedure. 24 Gastric banding is another restrictive procedure in which a prosthetic band encircles the proximal stomach to compartmentalize into a small pouch and a large remnant. 25 The theoretical advantage of this technique is decreased risk of staple line dehiscence. 21 The more recent introduction of a new laparoscopic approach and the use of an adjustable band have made this procedure more attractive. 26 Limited data are available regarding these surgical procedures to induce weight loss in severely obese children and adolescents. There are several reports on bariatric surgery in adolescents supporting sustained weight loss and improvement or resolution in obesity-related morbidity. 27, 28 Complications have included irondeficiency anemia (50%), transient folate deficiency (30%), and events requiring surgical intervention (40%). The latter have included cholecystectomy in 20%, small bowel obstruction in 10%, and incisional hernia in 10%). 21 The perioperative mortality rate of the gastric banding procedure is ~ 1-1.5% and is largely attributable to sepsis and pulmonary embolus. The risk of early postoperative complication is ~ 10%.
A multidisciplinary team with medical, surgical, nutritional, and psychological expertise should carefully select adolescents as candidates for bariatric surgery. Extensive counseling, education, and support are required both before and after gastric bypass. Adolescents undergoing the gastric banding procedure require lifelong medical and nutritional surveillance after surgery, especially during pregnancy.
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Treatment of Dyslipidemia
The dramatic rise in the prevalence of pediatric obesity and the metabolic syndrome leads to increased CVD rates in adulthood, and this association may be linked to dyslipidemia. 30 High total serum cholesterol levels and high LDL cholesterol levels have been associated with increased risk of coronary heart disease.
31 High triglyceride levels, usually associated with decreased HDL cholesterol levels, are also related, although to a lesser degree, to increased coronary heart disease risk. 31 Several studies have shown that lipid levels, primarily LDL, track from childhood into adulthood. 32 The 1998 American Academy of Pediatrics recommendation states that children aged ≥ 2 years should be screened for high cholesterol if they have a family history of premature CVD (< 55 years of age) or hypercholesterolemia (≥ 240 mg/dl). For youths whose family history is not available and for those with other CVD risk factors, screening is recommended at the physician's discretion. 33 Borderline levels of total and LDL cholesterol are defined as 170-199 and 110-129 mg/dl, respectively. Elevated levels are ≥ 200 mg/dl for total cholesterol and ≥ 130 mg/dl for LDL. 33 Lifestyle changes are the foundation of primary preventive treatment of dyslipidemia. These include decreased intake of saturated fat and cholesterol, increased physical activity, and weight control to lower population cholesterol levels. 34 Recent recommendations suggest the use of the American Heart Association Step 2 diet (dietary cholesterol < 200 mg/day and saturated fat < 7% of total calories) on confirmation of hyperlipidemia. 35 Several studies have shown that dietary intervention in children results in improved lipid profiles without affecting growth.
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Pharmacological therapy Pharmacotherapy has been recommended in children > 10 years of age if, after an adequate trial of dietary therapy, LDL levels remain > 190 mg/dl in those with no CVD risk factors or > 160 mg/dl in those with risk factors. The optimal LDL level is < 130 mg/dl for children in general and < 100 mg/dl in those with diabetes. 33 Bile acid sequestrants (resins, such as cholestyramine and cholestipol) used to be the preferred drug in pediatric patients with familial hypercholesterolemia. However, because of their poor palatability and modest (10-15%) lipid-lowering effects, 38 other lipid-lowering medications emerged as first-line agents.
The preferred drugs for the treatment of hypercholesterolemia in adults are the 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors (statins), some of which have been proven to be effective and safe in children > 8-10 years of age. The age of the youngest patients reported in clinical trials varied from 4 to 10 years. Statins inhibit cholesterol synthesis, resulting in increased LDL receptor activity with enhanced clearance of LDL particles and precursors. 39 Several trials have demonstrated the efficacy and short-and longer-term safety of statin therapy in children and adolescents with heterozygous familial hypercholesterolemia. [40] [41] [42] Statin therapy results in an up to 30-40% reduction in LDL, a more modest reduction in triglycerides, and an elevation in HDL levels. [40] [41] [42] Simvastatin and pravastatin have been well tolerated in children in doses up to 40 mg/day, as have atorvastatin and lovastatin in doses up to 20 mg/day. There have been no adverse effects on growth, sexual maturation, or markers of liver or muscle tissue damage. Adverse events include myalgia, asymptomatic increase in creatine kinase concentration, and very rarely rhabdomyolysis, as well as elevation in liver enzyme concentration. 40 Statins also improve surrogate markers of atherosclerosis. 43 Carotid intimal medial thickness (CIMT) measured by B-mode ultrasonography has been shown to be a strong predictor of atherosclerosis progression in adolescents and adults. Serial LDL levels from childhood to adulthood predicted CIMT in adulthood. 44 Reversal of endothelial dysfunction, as well as regression of CIMT after lipid reduction, reflect an improvement in the atherosclerosis process. 43 The lipidlowering effects of statins have been accompanied by CIMT regression in children. 42 Prepubertal children with familial hypercholesterolemia are shown to have endothelial dysfunction by the age of 5 years, 45 and CIMT already deviates from normal by the age of 12 years. 42 Treatment of children < 10 years of age should be investigated. 43 Initiation of lipid-lowering medication in childhood may inhibit progression or might even lead to regression of atherosclerosis. 42 When statins are used, treatment should begin at the lowest available dose, and increases should be based on LDL levels and side effects. Liver function tests should be monitored, and medication should be discontinued if liver enzyme values are more than three times the upper limit of normal, 46 if there is increased creatine kinase activity more than five times the upper limit of normal, or if the patient develops myalgia or muscle weakness. 39 Alternative drugs that primarily lower LDL levels by reducing cholesterol absorption in the intestine, such as ezetimibe, are now available. 39 Although ezetimibe is already approved for use in hypercholesterolemic children > 10 years of age, long-term efficacy and safety studies in children are needed. 47 Monotherapy with ezetimibe, 10 mg/day, reduced LDL by 15-20%, whereas beneficial effects on triglyceride and HDL were marginal. 46 The addition of ezetimibe to statin therapy achieves an additional reduction in LDL concentration of 25.8% compared to an additional 2.7% reduction with placebo plus statin therapy. 48 Ezetimibe is well tolerated, but long-term experience is limited, and its long-term effects on cardiovascular outcomes are unknown. 39 Fibrates (gemfibrozil, fenofibrate) are primarily used to treat high triglyceride levels, usually with accompanying low HDL levels. 39 They stimulate peroxisome proliferator activated receptor-␣ (PPAR␣), a nuclear transcription factor that controls the expression of genes mediating triglyceride metabolism. This leads to decreased synthesis of fatty acids and triglyceride-rich lipoproteins and increased synthesis of apolipiprotein A1 and lipoprotein lipase, promoting HDL production and triglyceride catabolism. 39 Gemfibrozil, 600 mg twice daily, reduces triglyceride concentration by up to 50% and increases HDL by up to 20%, but changes in LDL are variable and usually small. 39 Fibrate therapy is usually well tolerated, but myalgia and increased liver enzymes may occasionally occur. Fibrates slightly increase the risk of cholelithiasis and do potentiate the action of warfarin. 39 Alternative treatment for high triglyceride concentration is fish oil or omega-3 fatty acids. They contain highly polyunsaturated long-chain n-3 fatty acids. A daily intake of 2-5 g of omega-3 fatty acids (6-15 g of fish oil) decreases triglyceride concentration by up to 50% in adults. Changes in LDL and HDL levels are variable and small. Fish oils are safe and usually well tolerated. 39 Adolescents with a significant family history of premature atherosclerosis who have mixed lipid patterns (familial combined hyperlipidemia, obesity, metabolic syndrome), despite weight loss and lifestyle changes, can be treated with extended-release niacin and/or fibric acid derivatives, such as fenofibrate or gemfibrozil. Statins may be combined with extended-release niacin for synergistic effects but should not be combined with fibrates because of the increased risk of myolysis. 46 The most potent currently available HDL-raising therapy is nicotinic acid, which also has effects on the levels of LDL, triglyceride, lipid oxidation, and endothelial function. 49 Combination therapy with a statin can increase HDL levels by ~ 30%. 49 A new trend is enrichment of food products with plant sterols and stanols. The use of a spread containing plant sterols decreased LDL by 14% compared to placebo in young children with familial hypercholesterolemia. 45 However, in contrast to statin therapy, plant sterol consumption did not improve endothelial dysfunction in these children.
Cholesterol absorption inhibitors, or plant sterols and stanols coadministered with a statin, offer new options in the treatment of adult patients with familial hypercholesterolemia. This combination therapy may also be beneficial for children because 1) low doses of statins coadministered with cholesterol absorption inhibitors may result in increased efficacy; 2) high doses of statins may be avoided, thereby minimizing the chance of side effects; and 3) although treatment with food products containing plant sterols or stanols does not improve endothelial dysfunction, it does reduce LDL by 10-15%, and there is an additive effect when combined with statins.
Promising new drugs
Low HDL may be a risk factor comparable in importance to high LDL, and the two risk factors are independent. 49 Colesteryl ester transfer protein inhibitors (JTT-705 and torcetrapib) could accelerate cholesterol transport to the liver by HDL and augment reverse cholesterol transport. Clinical trials using these drugs are underway. 49 The PPAR␣/␥ dual agonist drug has efficacious glucose-and lipid-lowering activities. Thus, this drug is ideal for treatment of type 2 diabetes and dyslipidemia. (See section on type 2 diabetes below.)
Colesevelam is the newest bile resin with fewer side effects and drug interactions. It has been found to be safe alone or in combination with statin therapy in lowering LDL levels. It has a dose-sparing effect on statin therapy.
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Treatment of Hypertension
Hypertension has also paralleled the rise in childhood obesity. The typical patient has evolved into an otherwise healthy adolescent with obesity and some combination of cardiovascular risk factors, including a family history of hypertension and an ethnic predisposition to hypertensive disease. The early clinical course of obesity hypertension appears to be characterized by a preponderance of isolated systolic hypertension (i.e., without diastolic hypertension). Because isolated systolic hypertension has been shown to be a major risk factor for cardiovascular morbidity and mortality in adults, 51 further investigation of causes and interventions for this pattern in children is clearly needed. The benefits of weight loss on blood pressure reduction in children have been investigated in both observational and interventional studies. Although these studies suggest that blood pressure reduction is induced by weight loss in obese children, more studies are needed. Weight reduction through diet and exercise is the primary therapy for obesity-related hypertension. In one study, 52 the changes in systolic blood pressure in the dietplus-exercise, diet-alone, and control groups were Ϫ16, Ϫ10, and ϩ4 mmHg, respectively. The long-term benefits of weight loss on blood pressure remain to be defined because it is unknown whether the decline of blood pressure observed during acute weight loss is maintained.
Pharmacological therapy
Pharmacotherapy of obesity-related hypertension in childhood is indicated if there is persistent hypertension despite nonpharmacological measures, type 1 or type 2 diabetes, hypertensive target-organ damage, or multiple cardiovascular risk factors. When pharmacological therapy is indicated, it should be initiated with a single drug and started at the lowest recommended dose. Acceptable drug classes for use in children include ACE inhibitors, angiotensin receptor blockers, ␤-blockers, calcium channel blockers, and diuretics. 53 Specific classes of antihypertensive drugs should be used preferentially in hypertensive children with specific underlying or concurrent medical conditions. Examples include the use of ACE inhibitors or angiotensin receptor blockers in children with diabetes and microalbuminuria or proteinuric renal diseases and the use of ␤-adrenergic blockers or calcium channel blockers in hypertensive children with migraine headaches. 53 For children with uncomplicated primary hypertension and no target-organ damage, the goal blood pressure should be < the 95th percentile for sex, age, and height, whereas for children with chronic renal disease, diabetes, or hypertensive targetorgan damage, the goal blood pressure should be < the 90th percentile for sex, age, and height.
Promising new drugs
A number of novel drug classes are under active investigation in adults for the treatment of hypertension. These include endothelin receptor antagonists, renin inhibitors, and vasopeptidase inhibitors. 54 Darusentan is a selective endothelin receptor A antagonist under development for treating cardiovascular disorders. Endothelin is a small peptide hormone important in the control of blood flow and cell growth. There are two known classes of endothelin receptors, A (ETA) and B (ETB). Endothelin binding to ETA on the smooth muscle cells causes vasoconstriction, whereas binding to ETB on the vascular endothelium causes vasodilatation through the production of nitric oxide.
Darusentan has been studied in adult hypertensive patients at doses of 10-100 mg administered once daily. A dose-dependent reduction in both diastolic and systolic blood pressure was observed. 55 Adverse effects included headache, flushing, and peripheral edema.
Aliskiren is a renin inhibitor that prevents the formation of both angiotensin I and II. Aliskiren in doses of either 150 or 300 mg once daily lowered blood pressure in a dosedependent manner; 600 mg was no more effective than 300 mg. 56 The most common adverse effects have been headache, dizziness, and diarrhea.
Omapatrilat is a vasopeptidase inhibitor that is furthest along in clinical development. Neutral endopeptidases are found in the brush border membrane of the renal tubules, and they metabolize natriuretic peptide. Vasopeptidase inhibitors block both neutral endopeptidase and ACE, resulting in greater availability of natriuretic peptides that have vasodilatory effects and reducing levels of angiotensin II. Omapatrilat in doses of 20-80 mg per day produces a dose-dependent reduction in blood pressure. 57 The effects on systolic blood pressure are greater than on diastolic blood pressure. Adverse effects include cough, hypotension, dizziness, flushing, hyperkalemia, and angioedema at a rate similar to that found with ACE inhibitors.
Treatment of Type 2 Diabetes
Successful treatment of type 2 diabetes is defined as cessation of excessive weight gain, normal linear growth, and attainment of fasting blood glucose levels < 126 mg/dl and hemoglobin A 1c < 7%. The U.K. Prospective Diabetes Study (UKPDS) demonstrated that intensive blood glucose con-From Research to Practice / Diabetes and Youth trol using oral hypoglycemic agents and insulin can substantially decrease the risk of the microvascular complications of retinopathy, nephropathy, and neuropathy in adults with type 2 diabetes. However, the UKPDS did not reveal any significant decrease in macrovascular complications through control of blood glucose alone. The UKPDS did find that the treatment of hypertension in individuals with type 2 diabetes significantly decreased the risk of CVD.
Dietary and exercise modification are the cornerstones of disease management. Unfortunately, lifestyle modification has limited success in the long-term management of adults with type 2 diabetes and will likely have similar limitations in children and adolescents. 6 Therefore, pharmacological treatment is necessary in children with type 2 diabetes.
Pharmacological therapy
Four classes of pharmacological agents are available for the treatment of type 2 diabetes: insulin, insulin-sensitizing agents, insulin-stimulating agents, and glucose absorption inhibitors. Each of these classes of agents possesses a different mechanism of action, enabling the agents to be used either alone or in combination. 58 There are four general types of insulin (rapid-acting, short-acting, intermediate-acting, and long-acting forms) classified based on onset, peak, and duration of action. The rapid-acting insulin analogs lispro and aspart can be given within 15 minutes of a meal to control the postprandial rise in blood glucose. The short-acting insulins (regular insulin) are given 30-60 minutes before a meal to control the postprandial glucose level. Intermediate-acting insulin is a suspension of zinc insulin crystals and protamine sulfate (isophane insulin, NPH, and lente). These insulins are usually given twice a day and are often given in combination with a rapid-or short-acting insulin. The long-acting insulins (glargine and ultralente) are slowly absorbed, with a peak at 16-18 hours, and provide a basal level of insulin in the blood in an attempt to approximate the amount of insulin circulating in the body when not stimulated by glucose. For ease of administration, some fixed combinations of NPH and regular or rapid-acting insulin are available as 70/30, 50/50, and 75/25 mixes. Insulin types are usually chosen to achieve the best blood glucose control possible based on home blood glucose monitoring. The most common side effects are hypoglycemia, injection site reactions, and weight gain. 59 There are two types of insulin secretogogues, the sulfonylureas (of which there are two generations) and the nonsulfonylureas. None of these drugs has been adequately tested in children. The first-generation sulfonylureas include tolbutamide, chlorpropamide, and tolazamide; secondgeneration sulfonylureas include glyburide, glipizide, and glimepiride. 60 The principle mechanism of action of the sulfonylureas is the stimulation of insulin secretion from the pancreatic ␤-cells in response to glucose. 61 Hypoglycemia is the most important adverse effect. These agents have no effect on plasma lipid levels.
Repaglinide and nateglinide are nonsulfonylurea agents that cause a prompt short-lived burst of insulin secretion. 62 These agents are taken within 30 minutes before each meal. The major side effect is hypoglycemia. They may also cause weight gain. These agents also have no effect on plasma lipids.
The two major classes of insulinsensitizing agents are the biguanides and the thiazolidinediones. Metformin is the only biguanide available for clinical use and has no effect on pancreatic ␤-cell insulin secretion. The mechanism of action by which metformin improves insulin sensitivity is not fully understood. Metformin decreases hepatic glucose production and likely inhibits hepatic glycogenolysis. 63 It suppresses the release of fatty acids and lipid oxidation (which also enhances glycemic control), leading to a reduction in triglycerides, very lowdensity lipoprotein (VLDL) cholesterol, and total cholesterol, as well as decreasing plasminogen activator inhibitor-1 levels. Metformin was associated with a significant reduction in macrovascular complications, myocardial infarction, and stroke in the UKPDS. 64 It is approved for use in children > 10 years of age. 65 The thiazolidinediones include rosiglitazone and pioglitazone. (Troglitazone was removed from the market because of hepatotoxicity.) Thiazolidinediones improve tissue and liver sensitivity to insulin by binding to the nuclear receptor PPAR␥, whose highest level of expression is in adipocytes and intestinal cells. 66 These agents decrease free fatty acid concentrations, and pioglitazone lowers plasma triglyceride concentration. 67 Thiazolidinediones increase fat cell numbers, which accounts for the weight gain reported with the use of these agents. 68 Liver disease is under close scrutiny for rosiglitazone and pioglitazone, but no studies have found the incidence of elevated liver enzymes to differ from that with placebo. Peripheral edema has also been reported in the use of thiazolinediones.
The glucose absorption inhibitors competitively inhibit ␣-glucosidase in the brush border of enterocytes of the gastrointestinal tract, preventing the breakdown of oligo-and disccharides into monosaccharides. 69 The available agents acarbose, miglitol, and vaglibose retard the entry of glucose into the systemic circulation, allowing pancreatic ␤-cells more time to increase insulin secretion in response to the blunted rise in plasma glucose. No effect on weight has been observed. The most common adverse effects, reported in up to 80% of users, are gastrointestinal, including bloating, abdominal discomfort, diarrhea, and flatulence. 70 Starting with a low dose and slowly increasing the dose over several weeks can reduce gastrointestinal toxicity.
Diabetes is a progressive disease, and the majority of patients will eventually require the addition of a second drug to achieve acceptable glycemic control. Only ~ 25% of adult diabetic patients achieve adequate glycemic control on monotherapy. Additive glucose-lowering effects have been seen with a number of combination therapies, including metformin/sulfonylurea, thiazolidinedione/sulfonylurea, and ␣-glucosidase inhibitor/ metformin or sulfonylurea. If the combination of two oral agents is not effective, a third agent, bedtime NPH or glargine insulin, or multiple daily injections of insulin can be used to improve glycemic control. 71 Continuous subcutaneous insulin infusion (through the use of an external insulin pump) may also be prescribed under these circumstances.
Promising new drugs
There are a number of promising new agents that control glucose levels, including amylin analogs, glucagonlike peptide 1 (GLP-1) agonists, dipeptidyl peptidase IV inhibitors, and glitazars (combined PPAR␣ and -␥ agonists).
72 After these drugs have been studied and approved for use in adults, we can expect that they will also be studied for use in children.
Pramilintide is a synthetic analog of amylin, a naturally occurring peptide that is cosecreted in equimolar amounts with insulin from the pancreatic ␤-cells in response to food intake. It was recently approved for use in both type 1 and type 2 diabetes. Pramilintide's mechanisms of action include 1) slowing the rate of gastric emptying and thereby reducing the postprandial rise in plasma glucose, 2) decreasing postprandial glucagon levels and reducing hepatic glucose production, and 3) increasing satiety, possibly by inhibiting the appetite-stimulating stomach hormone ghrelin.
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The dose of pramlintide differs depending on whether the patient has type 1 or type 2 diabetes. 73 When starting pramlintide, the premeal insulin dose should be reduced by 50% in all patients to reduce the risk of hypoglycemia. Patients with type 2 diabetes should be initiated at a dose of 60 g s.c. before major meals and increased to 120 g when there has been no nausea for 3-7 days. Patients with type 1 diabetes should be initiated at a dose of 15 g s.c. before major meals and titrated in 15-g increments to a maintenance dose of 30 or 60 g per dose as tolerated. The most common adverse events include nausea, vomiting, loss of appetite, and insulin-induced hypoglycemia. 73 GLP-1, an incretin hormone, is secreted from intestinal cells in response to food intake and stimulates insulin secretion from pancreatic ␤-cells, inhibits glucagon secretion, delays gastric emptying, suppresses appetite, and may stimulate islet cell regeneration. 74 Endogenous GLP-1 is rapidly degraded by the ubiquitous endoprotease dipeptidyl peptidase IV (DPP-IV), thus limiting its clinical use and necessitating the development of analogs (liraglutide) and agonists (exenatide) that resist DPP-IV degradation and development of DPP-IV inhibitors that potentiate GLP-1 effects.
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Analogs of GLP-1 have been developed to mimic its insulinotropic effect. 71 Liraglutide is an acylated GLP-1 analog bound to albumin, resistant to DPP-IV, and with a halflife of 12-14 hours. 74 Exenatide is a synthetic analog of exendin-4, an incretin hormone originally isolated from the Gila monster that binds to the GLP-1 receptor but is resistant to degradation by the DPP-IV enzyme. Exenatide shares 53% homology to human GLP-1 and has an effect similar to that of human GLP-1. Clinical trials of liraglutide as a single daily injection and exenatide as a once-or twice-daily injection have resulted in improved glycemic control, reduced food intake, and weight loss. Nausea and vomiting are the most common side effects and are influenced by dose and titration schedule.
Vildagliptin (LAF237) is a DPP-IV inhibitor in phase III clinical trials.
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The primary adverse effects have been nausea, diarrhea, diaphoresis, and pruritus. Vildagliptin does not appear to increase the risk for hypoglycemia. 72 The oral dosage form gives a distinct advantage over GLP-1 agonists, which must be given parenterally.
Glitazars represent a broad class of drugs that have combined PPAR␣ and -␥ agonist activity. Representative drugs under phase III investigation include muraglitazar and tesaglitazar. PPAR␥ agonists (thiazolidinediones) have a direct effect on peripheral insulin sensitivity. PPAR␣ agonists (fibrates, such as gemfibrozil and clofibrate) modulate lipid metabolism, lowering triglycerides and raising HDL cholesterol. 75 Because dyslipidemia is a common problem with type 2 diabetes, the dual activity of PPAR␣ and -␥ agonists could lead to improved insulin sensitivity and lipid metabolism. PPAR␣ and -␥ agonists are associated with weight gain and edema, similar to the thiazolidinediones. Of concern also is the development of soft tissue tumors in rodents, which led to suspension of clinical trials for one compound.
Summary
In children, the first line of prevention and treatment of obesity, dyslipidemia, hypertension, and type 2 diabetes remains dietary modification, increased physical activity, and behavior modification. Certain medications used for treatment of dyslipidemia, hypertension, and type 2 diabetes in children have been well studied and approved for this use. However, more well-controlled studies are needed in children for medications approved for adults in the treatment of obesity. Bariatric surgery as a treatment option for severely obese adolescents remains investigational.
